The small Rho GTPase Cdc42 regulates key signaling pathways required for multiple cell functions, including maintenance of shape, polarity, proliferation, invasion, migration, differentiation, and morphogenesis. As the role of Cdc42-dependent signaling in fibroblasts in vivo is unknown, we attempted to specifically delete it in these cells by crossing the Cdc42 fl/fl mouse with an fibroblast-specific protein 1 (FSP1)-Cre mouse, which is thought to mediate recombination exclusively in fibroblasts. Surprisingly, the FSP1-Cre;Cdc42 fl/fl mice died at 3 weeks of age due to overwhelming suppurative upper airway infections that were associated with neutrophilia and lymphopenia. Even though major aberrations in lymphoid tissue development were present in the mice, the principal cause of death was severe migration and killing abnormalities of the neutrophil population resulting in an inability to control infection. We also show that in addition to fibroblasts, FSP1-Cre deleted Cdc42 very efficiently in all leukocytes. Thus, by using this nonspecific Cre mouse, we inadvertently demonstrated the importance of Cdc42 in host protection from lethal infections and suggest a critical role for this small GTPase in innate immunity.
C
dc42 is a member of the Rho GTPase family of proteins. Like all the Rho GTPases, it is a molecular switch that is regulated by cycling between a GTP-bound active form and a GDPbound inactive form (1) . In the GTP-bound form, Cdc42 interacts with its effectors to induce biological actions. The major classes of Cdc42 effectors are the Wiskott-Aldrich syndrome protein (WASP), p21-activated kinases (PAKs), and the partitioning-defective (PAR) protein family. WASPs are involved in regulating actin polymerization and filopodia formation by direct interactions both with profilin and with actin. PAKs alter the activity of the actin-binding protein cofilin, a key cytoskeletal protein, by regulating the serine/threonine kinase LIMK1. Cdc42 also complexes with the PAR protein family, atypical PKCs, and cadherins to regulate cell polarity and centrosome reorientation by altering phosphorylation of glycogen synthase kinase-3␤ (2) . Thus, Cdc42 can regulate multiple critical cell functions, including cell shape, polarity, proliferation, invasion, migration, differentiation, and morphogenesis.
Cdc42 is ubiquitously expressed, and its in vitro roles in cell function have been examined in numerous different cell types, including fibroblasts. Cdc42-null fibroblasts have abnormalities in adhesion to extracellular matrix proteins, directed migration, wound healing, polarity establishment, and cell survival (3) . These morphological defects were associated with alterations in PAK1, glycogen synthase kinase-3␤, myosin light chain, and focal adhesion kinase phosphorylation, as well as defects in Jun N-terminal protein kinase, p70 S6K, and extracellular signal-regulated kinase 1/2 activation. Despite the well-characterized abnormalities of Cdc42-null fibroblasts in vitro, there is little known about the role of Cdc42 in fibroblasts in vivo. Indeed, despite a few studies pertaining to initial development or homeostasis of hematopoietic cells (4) (5) (6) (7) , there is a paucity of information about the consequences for overall host function in a setting where Cdc42 function is absent.
Because a constitutive lack of Cdc42 disrupts embryogenesis, we set out to define the in vivo role of Cdc42 in response to injury by deleting it using a Cre transgene driven by the fibroblast-specific protein 1 (FSP1) promoter (8, 9) . FSP1, also known as S100A4, was identified as a protein whose gene was expressed in kidney fibroblasts but not epithelial cells (10) . This protein was also shown to be expressed in fibroblasts in different organs, such as the lung and heart (10) (11) (12) . More recently, however, it was shown that FSP1 is not expressed in either liver fibroblasts or myofibroblasts but is found in a myeloid-monocytic lineage of cells in the liver as well as bone marrow-derived and peritoneal macrophages (13) . The FSP1-Cre mouse has been shown to express Cre in stromal fibroblasts of the kidney (14) , heart (15, 16) , prostate (8) , stomach (8) , mammary gland (9) , and chondrocytes (17) as well as in dendritic cells (18) . In this report, we present evidence of a major role for Cdc42 in host defense against infection on the basis of the unique phenotype observed when the Cdc42 fl/fl mouse is crossed with the FSP1-Cre mouse.
MATERIALS AND METHODS

Reagents and mice.
Mice harboring the FSP1-Cre recombinase transgene (8) were a gift from Eric Neilson (Vanderbilt University Medical Center, Nashville, TN). Generation of the Cdc42 fl/fl and ROSA26-LacZ (flox-STOP) reporter mice has been described previously (19) . After each line of animals was bred onto a pure C57BL/6 background, the FSP1-Cre transgene was intercrossed onto a Cdc42 fl/fl background. For experiments involving preventive antibiotic treatment, mice were placed on enrofloxacin (22.7 mg/ml; Bayer, Wuppertal, Germany), administered on a continuous basis through their drinking water. To define Cre expression in leukocytes, FSP1-Cre;ROSA26-LacZ reporter mice (19) were bred and analyzed without further manipulation. All experiments were performed according to institutional animal care guidelines after approval by the Institutional Animal Care and Use Committee of Vanderbilt University and conducted in facilities accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Gross and microscopic pathological examinations. Animals were euthanized humanely for complete necropsy or analyses of cells and organs. At necropsy, blood for complete blood counts was collected via intracardiac puncture and placed in an EDTA collection tube. Complete blood counts were performed on a Forcyte hematology analyzer (Oxford Science, Oxford, CT). Tissues were collected and fixed for 24 h in 10% neutral buffered formalin. After fixation, the whole head was placed in 23% formic acid for 48 h for decalcification. Tissues were processed routinely, embedded in paraffin, sectioned at 5 m, and stained with hematoxylin-eosin. Microscopic histopathology evaluations were performed by an experienced veterinary pathologist (K.L.B.) blinded to the genotypes of the animals.
Preparation and analysis of bone marrow neutrophils. Starting at day 1, FSP1-Cre;Cdc42 fl/fl mice and Cdc42 fl/fl mice were placed on enrofloxacin (22.7 mg/ml) as a preventive antibiotic measure, regardless of health status at the outset. After harvesting of organs from euthanized mice at 8 weeks of age, femurs and tibias were dissected and the marrow was flushed with phosphate-buffered saline (PBS) and layered on a 3-step Percoll gradient (78%, 69%, and 52%) that was centrifuged at 1,060 ϫ g for 30 min. Cytospin samples of the 78%-69% interface revealed more than 90% neutrophils, as assessed morphologically. These samples were then used as the polymorphonuclear leukocyte (PMN) population for the functional assays described below.
Flow cytometry. Single-cell suspensions were prepared from bone marrow, thymus, and spleens, as described previously (20) . Antibodies against CD11b (M1/70), CD4 (RM4-5), B220 (RA3-6B2), and IgM (II/41) were from BD Biosciences (La Jolla, CA). CD8 (53-6.7), anti-Gr1 (RB6-8C5), and anti-Thy1.2 (53-2.1) antibodies were from (eBioscience, San Diego, CA). Cells were analyzed with a FACSCalibur apparatus (BD Biosciences) and FlowJo software (TreeStar, Ashland, OR) after direct immunofluorescent (DIF) staining with fluorochrome-conjugated antibodies as described previously (20) . To identify ␤-galactosidase-expressing cells, single-cell suspensions were preincubated (10 min at 37°C) in PBS containing 1% fetal bovine serum (FBS), followed by addition of fluorescein di-␤-D-galactopyranoside (FDG; Marker Gene Technologies, Eugene, OR) to a final concentration of 2 nM and further incubation for 5 min at 37°C. The reaction was stopped by adding 4% paraformaldehyde and incubating on ice for 20 min, followed by DIF staining of cell surface markers.
Immunoblotting for Cdc42 expression. Spleens or purified neutrophils from the mice were lysed with radioimmunoprecipitation assay buffer. Lysates were clarified by centrifugation, and 30 g of total protein was electrophoresed onto a 10% SDS-polyacrylamide gel and subsequently transferred to nitrocellulose membranes. Membranes were blocked in 5% milk-Tris-buffered saline-Tween and then incubated with a Cdc42 antibody followed by the appropriate horseradish peroxidase-conjugated secondary antibodies. Immunoreactive bands were identified using enhanced chemiluminescence.
Bacterial killing assay. Bacterial killing assays were performed with purified neutrophils as described previously (21) , with the following modification. Staphylococcus aureus strain Newman was grown overnight in tryptic soy broth (TSB) at 37°C. The culture was backdiluted 1/100 into fresh TSB, incubated at 37°C for 3 h, and harvested. Bacterial pellets were resuspended in PBS to an optical density at 600 nm of 0.4 (ϳ1 ϫ 10 8 CFU/ml) and coated with complement. The complement-coated bacteria were mixed 1:1 by volume with bone marrow-derived neutrophils (resuspended in antibiotic-free Iscove's modified Dulbecco's medium [IMDM] with 10% FBS to a density of ϳ0.75 ϫ 10 7 cells/ml) in serum-coated 96-well flat-bottom plates. The plates were centrifuged for 8 min at 300 ϫ g and then incubated for 2 h at 37°C with 5% CO 2 . The neutrophils were then lysed by the addition of a 1/10 volume of 1% Triton X-100, and serial dilutions were plated to enumerate viable bacteria. Migration assays. As described previously (22), 5 ϫ 10 4 neutrophils purified from Cdc42 fl/fl or FSP1-Cre;Cdc42 fl/fl mice were diluted in serum-free medium placed on Transwells with 5-m pores coated with fibronectin (2.5 g/ml). Cells that migrated through the filter after 4 h were counted.
In vitro neutrophil survival and functions. Bone marrow cells (4 ϫ 10 6 cells/ml) were cultured in the presence or absence of interleukin-3 and granulocyte-macrophage colony-stimulating factor for 3 days. Viable cells were counted by Trypan blue dye exclusion, stained with anti-Gr1-phycoerythrin, anti-CD11b-fluorescein isothiocyanate (FITC), and 7-amino-actinomycin D (7-AAD) (Invitrogen, Carlsbad, CA, USA), and analyzed by fluorescence-activated cell sorting (FACS). Neutrophil survival was calculated as the percentage of 7-AAD Ϫ Gr1 ϩ CD11b ϩ cell numbers relative to the input neutrophil cell number. Measurements of reactive oxygen species (ROS) production were conducted using 2=,7=-dichlorodihydrofluorescein diacetate (H 2 DCFDA) and flow cytometry (23) . Freshly isolated or activated marrow cells were incubated with 10 M H 2 DCFDA for 15 min on ice, followed by surface marker staining and flow cytometry. The phagocytosis (endocytosis of antigen) assay was performed on fresh neutrophils using FITC-conjugated latex beads (Cayman Chemical, Ann Arbor, MI). The latex beads were diluted in PBS and added to purified neutrophils in serum-free IMDM. Following incubation for 7.5 min at 37°C, the reaction was stopped by adding cold PBS, and the results were analyzed with a FACSCalibur apparatus (BD Biosciences) and FlowJo software (TreeStar). Phagocytic maturation (acidification of the phagosome) was assayed using a pHrodo Escherichia coli Bioparticles phagocytosis kit (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Statistics. Histology, flow phenotypes, and cell numbers are representative of a minimum of six FSP1-Cre;Cdc42 fl/fl and Cdc42 fl/fl mice. Differences between sample sets were analyzed statistically using Student's t unpaired two-tail nonparametric test of significance (Instat; GraphPad Software).
RESULTS
FSP1-Cre;Cdc42
fl/fl mice are susceptible to severe upper respiratory tract infections characterized by a neutrophil-predominant infiltrate and lymphocyte depletion. To define the potential role of Cdc42 in kidney development and/or fibrosis, we crossed FSP1-Cre mice with Cdc42 fl/fl mice. All offspring were kept together in the same cages in a nonbarrier facility until weaning. Mice in the colony were specific pathogen free by routine sentinel testing for viral pathogens at Vanderbilt Medical Center. The mice were born in normal Mendelian ratios, and the genotypes were indistinguishable. Within the first week of life, all the FSP1-Cre; Cdc42 fl/fl mice showed signs of a failure to thrive and experienced 100% mortality by 4 weeks of age. The kidneys of these mice were removed, subjected to histological examination, and found to be normal (data not shown). There were also no abnormalities in the cardiovascular system, gastrointestinal tract, central nervous system, reproductive tract, lungs, endocrine organs, or muscle of these mice (data not shown). In particular, there was no evidence of abnormal leukocyte infiltration of any of these organs. However, the mice were noted to have discharge from the nares and eyes. Complete blood counts with differentials were performed, and leukocytosis with neutrophilia and lymphopenia in the FSP1-Cre;Cdc42 fl/fl mice was observed (Table 1) . Taken together, these data suggest that the enhanced mortality of the FSP1-Cre;Cdc42 mice was due to an underlying infective process, hematological abnormality, or both.
To define these abnormalities further, we performed necropsies of the FSP1-Cre;Cdc42 fl/fl mice, concentrating on the organs that could potentially explain the premature mortality. Every FSP1-Cre;Cdc42 fl/fl mouse examined was significantly smaller than its wild-type littermate (6 Ϯ 2 g versus 14 Ϯ 2.3 g) ( Fig. 1A ) and had a small thymus and discharge around the nose and eyes. The most striking findings were seen on microscopic examination of the head sections, which revealed copious mucopurulent exudates in the nasal passages, often occluding much of the air space and eroding the mucosa ( Fig. 1C and E ). This mucopurulent exudate was also present in the middle ear and Eustachian tube ( fl/fl mice. To assess the potential for systemic infection, aerobic culturing of heart blood from FSP1-Cre;Cdc42 fl/fl mice was performed and found to be negative. Taken together, these results suggest that the FSP1-Cre;Cdc42 fl/fl mice were susceptible to severe suppurative upper respiratory tract infections resulting in upper airway obstruction that is characterized by a neutrophilpredominant infiltration. The significance of the organisms cultured from the Cre;Cdc42 fl/fl mice is unclear. In the face of the severe inflammation and mucosal necrosis, even organisms considered to be normal flora may be contributing to morbidity.
In addition to the severe upper respiratory infections, moderate to marked depletion of lymphocytes was noted in the thymus (Fig. 2B) and spleen (Fig. 2F ). There was decreased cellular density in the thymic cortex (Fig. 2D ) and marked depletion of lymphocytes in the splenic white pulp (Fig. 2H) . In the spleen, periarticular T cell zones were depleted of T cells, and extramedullary hematopoiesis replaced the lymphocyte population with purely granulocytic cells (Fig. 2J) . Moreover, a striking component of extramedullary hematopoiesis mainly involving the granulocytic lineages also expanded the red pulp. Granulopoiesis (Fig. 2J , arrow) also replaced the lymphocytes in the periarticular lymphoid sheath. Exuberant granulopoiesis in the bone marrow (Fig. 2L ) accompanied this extramedullary hematopoiesis in the spleen. The histologic findings in the hematopoietic organs mirrored the abnormalities (lymphopenia and neutrophilia) observed on the complete blood count.
Fatal upper respiratory tract infections in FSP1-Cre;Cdc42 fl/fl mice respond to antibiotic treatment. Since mice are unable to breathe through their mouths and are obliged to maintain airflow through their nares, we reasoned that the early mortality of FSP1-Cre;Cdc42 fl/fl mice may have been due to uncontrolled infections of the upper respiratory tract. To test this hypothesis, mice were placed on enrofloxacin delivered in the drinking water. FSP1-Cre; Cdc42 fl/fl mice treated with antibiotics were rescued from early mortality, and they lived until sacrifice at 8 weeks of age. The severity of the rhinitis (Fig. 3A and B ) was dramatically decreased, and the otitis (Fig. 3C and D) and the conjunctivitis and gingivitis (data not shown) were completely resolved in all examined mice upon antibiotic treatment; however, the leukocytosis with neutrophilia and lymphopenia was unchanged ( Table 1) . Depletion of lymphocytes and prominent extramedullary granulopoiesis remained in the spleen (Fig. 3E and F) ; increased granulopoiesis was still observed in the bone marrow (Fig. 3G) , and severe lymphoid depletion was still detected in the thymus (Fig. 3H) . Thus, antibiotic therapy of the FSP1-Cre;Cdc42 fl/fl mice decreased the suppurative infections of the upper respiratory tract but did not alter their severe lymphoid depletion and increased granulopoeisis. These data suggest that loss of Cdc42 results in defects in the ability to control bacterial pathogens and immune cell development.
FSP1-Cre is expressed in all leukocyte lineages in mice. The unexpected phenotype observed in the FSP1-Cre;Cdc42 fl/fl mice, which lacked overt fibroblast defects and which had features resembling many features seen when Cdc42 was deleted during hematopoietic cell development (4-7), prompted us to define whether FSP1-Cre expression occurred in hematopoietic cells. Accordingly, we delineated cell lineages in which FSP1-Cre is active by crossing FSP1-Cre mice with ROSA26-LacZ reporter mice, where expression of ␤-galactosidase occurs only after Cre recombinase excises a loxP-flanked stop codon upstream from the lacZ gene. After direct immunofluorescent staining of cell suspensions with lineage-specific monoclonal antibodies combined with the use of FDG, a cell-permeant fluorogenic substrate of ␤-galactosidase, bone marrow and lymphoid organs were analyzed by flow cytometry. The results of these studies indicated that Cre excision was widespread among cells in these organs (Fig. 4A) . Gating on lineage-specific markers disclosed that FSP-Cre led to ample ␤-galactosidase activity in a variety of the most prevalent lymphoid and myeloid lineage cells, i.e., CD4 and CD8 T lymphocytes, B220-marked B lymphocytes, Gr1 ϩ neutrophils, and the fl/fl mice also had a mild neutrophilic gingivitis (K) and conjunctivitis (M) which was not observed in the wild-type mice (J and L). Magnifications, ϫ40 (B, C, F, and G), ϫ400 (D, E, H, and I), ϫ200 (J and K), and ϫ600 (L and M). (Fig. 4B) . The development of fluorescence from the FDG substrate was specific for mice that bore both an FSP1-Cre allele and a ROSA26-LacZ tracer allele, indicating that it was not due to an endogenous enzymatic activity capable of cleaving the ␤-galactoside. Consistent with this, immunoblots showed that the Cdc42 protein was absent from unfractionated spleen cells and from purified neutrophils of the FSP1-Cre;Cdc42 fl/fl mice (Fig. 4C) . Together, these results indicate that Cdc42 is deleted in most or all leukocytes.
Distorted development of granulocytes versus lymphocytes. The bacterial infections, severe abnormalities of lymphoid tissues, and loss of the Cdc42 protein in leukocytes of the FSP1-Cre; Cdc42 fl/fl mice prompted us to analyze their leukocyte phenotype and development in more detail. Using mice maintained on antibiotics to allow the conditionally Cdc42-deficient mice to survive, we determined that total cellularity was substantially decreased in the thymus but this was normal in the spleen and marrow of the FSP1-Cre;Cdc42 fl/fl mice (Fig. 5A) . Flow cytometry revealed a dramatic increase in mature granulocyte populations in peripheral blood and lymphoid organs, as detected by both parameters of size and granularity (forward scatter [FSC] versus side scatter [SSC]; Fig. 5B ) and surface staining for Gr1 ϩ CD11b ϩ cells (Fig. 5C and  D) . Strikingly, almost half of the cells in spleens of the conditional knockout mice were of the myeloid lineage with characteristics of PMNs. Conversely, populations of T and B lymphocytes were decreased in the spleen, with an even greater decrease in the numbers of T and B cell precursors observed in the thymus and bone marrow ( Fig. 5E and F) . The dramatically increased granulocyte/neutrophil population in bone marrow and spleen in the FSP1-Cre; Cdc42 fl/fl mice was also confirmed using CD11b ϩ Ly6G ϩ Ly6C lo surface markers and Wright-Giemsa staining ( Fig. 5G ; see Fig. S1 in the supplemental material). These data confirmed the accumulation of neutrophils found in the histology of the FSP1-Cre; Cdc42 fl/fl mice (Fig. 2) . It was of interest to note that in addition to Ly6G ϩ neutrophils, CD11b ϩ Ly6G Ϫ Ly6C hi cells were also increased in the Cdc42-deficient mice ( Fig. 5G; see Fig. S1A in the supplemental material). Taken together, these results indicate that FSP1-Cre was expressed in and depleted Cdc42 from the hematopoietic lineages, thereby suggesting that the decrease in lymphocytes and the increase in neutrophils are due to an essential role of this small GTPase in establishing appropriate populations of leukocytes. Moreover, because Cdc42 appears to restrain PMN numbers yet promote the lymphoid cell populations, the data indicate that lack of this protein during hematopoiesis results in a bias toward granulocyte development over lymphocyte development.
Functional analyses of Cdc42-deficient neutrophils. The paradox of an increase in PMN number along with increased susceptibility to bacterial infection of the respiratory tract which could be reversed with preventive antibiotic treatment suggested a defect in antimicrobial activity and prompted us to analyze the functionality of FSP1-Cre;Cdc42 fl/fl neutrophils as well as their survival. We initially defined the microbicidal activity ability of neutrophils against Staphylococcus aureus, an organism known to cause robust inflammatory responses highlighted by increased recruitment of neutrophils. The capacity of Gr1 ϩ CD11b ϩ cells from FSP1-Cre; Cdc42 fl/fl mice to control the growth of Staphylococcus aureus in vitro was found to be lower than that of the same cells isolated from wild type (Fig. 6A) . As the ability of PMNs to control bacterial infection depends on their ability to migrate and Cdc42 is known to be a key regulator of neutrophil migration, it was not surprising to find that Cdc42-deficient neutrophil migration on 
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fibronectin was severely impaired (Fig. 6B) . In contrast to these abnormalities, there was at most a modest decrease in formylMet-Leu-Phe-induced ROS production, and phagosomal acidification by Cdc42-deficient PMNs appeared to be normal ( Fig. 6C  and D) . Despite this, Cdc42-deficient neutrophils exhibited impaired endocytosis of fluorochrome-conjugated latex beads (Fig. 6E) , suggesting a requirement of Cdc42 in the early stage of phagocytosis. Since neutrophils are postreplicative but shortlived, a possibility for their massive increase in the periphery in FSP1-Cre;Cdc42 fl/fl mice included increased survival or overproduction. However, our ex vivo survival assay results provided evidence that the absence of Cdc42 impaired PMN survival (Fig. 6F) . Together, these results indicate that although there is substantial overproduction of, accumulation of, and tissue infiltration by neutrophils in the absence of Cdc42 driven by FSP1-Cre, despite an apparently normal capacity to generate ROS, these PMNs are less able to migrate on fibronectin as well as uptake and kill bacteria.
DISCUSSION
The ubiquitously expressed molecular switch Cdc42 is required for the normal development and survival of mice (3, 24) . In this study, we originally set out to define the unexplored role of Cdc42-dependent signaling in fibroblasts and following injury. We found that this FSP1-Cre transgene deleted Cdc42 in all leukocytes, in addition to fibroblast populations. Furthermore, early lethality was observed for all FSP1-Cre;Cdc42 fl/fl mice and could be attributed to increased susceptibility to severe suppurative infections. Involvement of the upper respiratory tract and extensive purulent accumulation therein appeared to be rapidly fatal for these obligate nose breathers. After rescue using systemic antibacterial treatment, the FSP1-Cre;Cdc42
fl/fl mice also demonstrated defects in neutrophil migration and bacterial killing, along with abnormalities in lymphoid tissue development. Collectively, these findings demonstrate the requirement for Cdc42 in host protection from lethal infections and suggest a critical role for this small GTPase in innate immunity.
Prior work, largely with in vitro models, has reported that chemotaxis can depend on Cdc42, including in neutrophils (25) (26) (27) (28) . However, the ultimate impact of blocking Cdc42 function on the susceptibility to infection of an otherwise intact animal has not been determined. Our results provide evidence that deleting Cdc42 in neutrophils resulted in defects in bacterial killing, migration, phagocytic endocytosis, and survival; however, there were no deficiencies in ROS production or phagosomal acidification. These findings are consistent with those of previous work demonstrating a migration phenotype in Cdc42 Ϫ/Ϫ neutrophils in vitro (29) . In that study, Cdc42 played a critical role in the maintenance of neutrophil polarity by modulating activation of the myosin light chain pathway by integrin ␣M␤2. Both that study and our data confirmed previous in vitro findings demonstrating a key role for Cdc42 in neutrophil function (25) (26) (27) (28) . Collectively, the clinical presentation of the FSP1-Cre;Cdc42 fl/fl mice as well as their improved survival with enrofloxacin treatment suggests that although there may be yet further contributing mechanisms, neutrophil defects were the principal reason for the lethal phenotype. While our data support a role for neutrophils in the bacterially driven mortality, they also raise the intriguing possibility that cells other than neutrophils also participate in the high susceptibility to infection in the model of Cdc42 deficiency.
The predominant pathological features of the FSP1-cre; Cdc42 fl/fl mice were a leukocytosis with a neutrophil predominance and lethal infection of the upper respiratory passages with a massive neutrophil infiltrate. The inflammation of the upper airways was so severe that it caused asphyxiation in the mice, as they are obligate nasal breathers. There was no evidence of such severe inflammation in any other organs within the mice. These mice had some of the same characteristics found in human leukocyte adhesion deficiency (LAD) syndromes, which are clinically defined by recurrent bacterial infections primarily localized to skin and mucosal surfaces, mild to moderate basal neutrophilia, and marked granulocytosis during acute infection. LAD is thought to be primarily due to the inability of leukocytes to migrate and exit the vasculature, resulting in a lack of granulocytes at the site of infections. The 3 LAD syndromes found in humans are (i) LAD I, caused by integrin ␤2 deletions; (ii) LAD II, resulting from abnormalities in fucosylated selectin ligands required for neutrophil rolling; and (iii) LAD III, produced by deficiencies in kindlin 3, a protein required for integrin activation (30) . Our mice had the neutrophilia and bacterial infections; however, they also had a severe neutrophil infiltrate in the upper airways. In addition, the phenotype of the FSP1-Cre;Cdc42 fl/fl mice was far more severe than that of the nonfatal mouse models of LAD I (31, 32) or LAD II (33) deficiency. These data suggest that under physiological conditions in vivo, Cdc42 has a fundamental role in cellular functions, in addition to the ␤2 integrin-or the selectin-based functions. The kindlin 3-null mice die within a week; however, this is due to severe bleeding, as kindlin 3 is required for the activation of both ␤2 and ␤3 integrins (34, 35) .
In other work seeking to define the role of Cdc42 in hematological cells, this allele was deleted in hematopoietic stem cells using the interferon-induced Mx1-Cre transgene (6, 7) . These studies identified that deletion of Cdc42 at the stem cell stage, but not later in B lymphocyte development, resulted in abnormalities of the B lymphoid lineage (6, 7) that were largely recapitulated with FSP1-Cre-driven deletion. Nonetheless, only a severe lack of circulating natural antibodies would likely give rise to the observed antibiotic-sensitive early mortality of FSP1-Cre;Cdc42 fl/fl mice; however, serum Ig levels were normal in these mice. In addition, our findings with T-lineage cells were similar to those recently reported by others (4). However, the presence of normal frequencies of FoxP3-expressing CD4 T cells, the nature of the cellular infiltrate, and the impact of antibiotics all represent evidence against a primary T lymphocyte-driven etiology of the mortality. Similar to the FSP1-Cre;Cdc42 fl/fl mice, the Mx1-Cre; Cdc42 fl/fl mice died within 3 weeks of Cre induction; however, the cause of death was different. The Mx1-Cre;Cdc42 fl/fl mice developed a fatal myeloproliferative disorder manifested by significant leukocytosis with neutrophilia in the peripheral blood, myeloid hyperproliferation of the bone marrow and spleen, and myeloid cell infiltration of other organs, including lungs and liver (7) . In contrast, the FSP1-Cre;Cdc42 fl/fl mice had a more moderate leukocytosis and neutrophilia and died of suppurative infections. A possible explanation for these differences is that the Mx1-Cre; Cdc42 fl/fl mice but not the FSP1-cre;Cdc42 fl/fl mice were maintained in a sterile pathogen-free facility. Consistent with this possibility, the FSP1-Cre;Cdc42 fl/fl mice survived for at least 8 weeks when placed on antibiotics; however, even under these circumstances they never developed a myeloproliferative disorder. An alternative explanation is that the respective Cre transgenes delete Cdc42 in different myeloid progenitor cell types.
In conclusion, we show that deleting Cdc42 from mice using FSP1-Cre results in lethal abnormalities of immune function that yield a completely penetrant and fatal susceptibility to natural infection. This surprising phenotype emphasizes the nonspecificity of the FspI-Cre which we demonstrate is clearly active in all leukocytes, in addition to fibroblast and dendritic cell lineages, as previously shown (8, 9, (15) (16) (17) (18) . In addition, we establish the absolute requirement for Cdc42 in host defenses against infections, suggesting that therapeutically targeting this vital protein could have fatal consequences.
